This paper deals with hydrogen embrittlement (HE) under cathodic protection of steel used or recently proposed for buried pipelines of the oil and gas industry. High strength low alloy steel with different chemical composition, microstructure and ultimate tensile strength ranging between 530 and 860 MPa were considered to compare new steel with traditional grades. Their behavior was assessed through constant load tests, fracture mechanics tests on modifi ed wedge-opening load specimens, slow strain rate tensile tests and interrupted slow strain rate tensile tests in solutions simulating soil moisture and sea water, at room temperature and cathodic potentials between -2 and -0.8 V vs. saturated calomel electrode reference. All the steel was found immune under static load and HE phenomena were observed only during slow strain rate tests at potentials more negative than a critical value, depending on steel susceptibility and strain rate. Quenched and tempered steel with high tempered martensite and very fi ne precipitation distribution showed better behavior than the rolled steels with banded microstructure, exhibiting the highest HE resistance. The resistance of steel characterized by banded microstructures increased with ultimate tensile strength until ∼ 700 MPa and then decreased. The increase of ultimate tensile strength occurred by changing the steel microstructure, from hot rolling with coarse ferrite/pearlite to fi ne ferrite/pearlite microstructure, and very fi ne acicular ferrite, yields the resistance of steel to HE. A further increase of ultimate tensile strength related to untempered martensite inside the acicular ferrite based microstructure produces a worsening of resistance.
Introduction
High strength low alloy (HSLA) steel is widely used in natural gas and oil transportation for buried pipelines and sea lines. The pipelines are protected against external corrosion by means of protective coating and cathodic protection. Polarization at potentials in the range from -0.8 to -1.1 V vs. saturated calomel electrode (SCE) are imposed, but very negative levels can be reached on overprotected areas close to the impressed current anodes (Bhaskaran, 2009; Lazzari & Pedeferri, 2006; Shipilov, 2002) .
Decades of fi eld experience confi rmed the importance of cathodic protection to reduce the risk of perforation. However, some fi eld ruptures revealed the possibility of insurgence of hydrogen embrittlement (HE) in cathodically protected pipelines (Chiovelli, Dorling, Glover, & Horsley, 1994; Polyakov & Kharionovsky, 1996; Punter, Fikkers, & Vanstaen, 1991) . These phenomena were attributed to the presence of a hard spot in heat affected zones, with altered microstructure. Several studies were published on this problem that was avoided with an accurate control of steel production (Carter & Hyatt, 1977; Fessler & Groeneveld, 1977) .
Some ruptures also revealed the possibility of HE in the absence of hard spots, if slow continuous plastic deformation acts on the pipeline, caused by the soil settlement or landslides (Punter & Fikker, 1992) . Similar results have been reproduced in full-scale laboratory tests at cathodic potentials of -1.05 V and -2 V vs. SCE and strain rates( ε ) of 10 -5 ÷ 10 -6 s -1 . Furthermore, cyclic loadings due to gas pressure variation can also contribute to environmentally assisted subcritical crack growth (Shipilov & Le May, 2006; Shipilov, 2005) . As a matter of fact, daily pressure fl uctuations in pipelines can produce cyclic loading with a stress ratio (minimum/maximum load ratio) of approximately 0.6 -0.8 at very low cyclic frequency of approximately 2 -5 cycles/day (Gutman, Amosov, Khudiakov, & NeftKhoz, 1977) .
Because environmental assisted cracking (EAC) phenomena usually increase with the mechanical properties of the steel and nowadays there is a general tendency of the Oil and Gas Industry to develop high strength grades for reducing wall thickness and the costs of pipeline projects, the HE risk could rise. Steel with tensile yield strength exceeding ∼ 700 MPa should be assessed to prevent cracking on structures with cathodic polarization at potentials less than -0.9 V vs. SCE (Demofonti, Cabrini, Marchesani, & Spinelli, 2008; Marchesani et al., 2005) .
New X100 and X120 steels are currently considered for high pressure gas pipeline applications in the arctic (Huang et al., 2010) . X100 steel has been developed for installation in projects in northern Canada and the Japanese subsea.
Several papers have addressed the study of HE under cathodic protection. The role of strain rate and potential was demonstrated by Hinton and Procter (1983) , Cigada, Pastore, Re, Rondelli, & Vicentini (1985) , and Saenz de Santa Maria and Procter (1986) . Cigada et al. (1985) observed cracking on X65 in substitute ocean water at the usual potential for cathodic protection after high strain and with strength rate below 4 × 10 -5 s -1 . They showed the effect of strain rate on the critical potential for HE at free corrosion potential, cracking was observed only at 10 -7 strain rate. Saenz de Santa Maria & Procter (1986) found that API5L X65 and X70 steels showed a loss of ductility during slow strain rate tensile (SSRT) tests when polarized at a potential lower than -0.8 V vs. SCE in 0.6 m NaCl solution. Similar results were obtained by Trasatti, Sivieri, & Mazza (2005) during SSRT tests on API5L X80 steel at -1 V vs. SCE in substitute ocean water. The loss of ductility was due to hydrogen induced cleavage cracking which occurred as a result of the enhanced entry and transport of hydrogen in the steel produced by continuous straining. Rondelli, Re, Cigada, Vicentini, and Pastore (1987) also demonstrated, by means of tests on X65 steel under normal cathodic protection potentials, that crack propagation due to HE only occurs under continuous straining. The energy required for propagation is much lower than that for propagation in air and decreases as cathodic polarization increases. A threshold of plastic strain for HE occurring and the role of strain rate was also confi rmed by slow bending tests (Cabrini, D ' Urso, & Pastore, 2008a) . The behavior of different grades of pipeline steels was investigated in the literature (Barsanti, Bolzoni, Cabrini, Pastore, & Spinelli, 2008; Cabrini, Cogliati, & Maffi , 2003a; Cabrini, Migliardi, Pastore, & Spinelli, 2003b; Cabrini et al., 2008b) . The susceptibility of the material depends on the mechanical properties, the microstructure and the chemical composition. The resistance to cracking with the HE mechanism has been widely demonstrated for sour service application (Parkins, 1969) .
With thermomechanical controlled processing (TMCP), covering controlled rolling and accelerated cooling, steel high strength, toughness and formability. The resulting multiphase microstructure depends on cooling rate, ranging from polygonal ferrite/pearlite to degenerated pearlite and lath-type/bainitic ferrite (acicular ferrite). By increasing cooling rate it is possible to observe a prevalent microstructure of acicular ferrite. Accelerated cooling after controlled rolling also produces a refi ned microstructure and promotes the formation of low transformation temperature products, such as bainite and martensite-austenite constituent (Matrosov, Yu, É fron, Kichkina, & Lyasotskii, 2008; Rodrigues, Pereloma, & Santos, 2000; Shanmugametal, 2007) . Seamless pipelines are also produced using quenching and tempering, producing steel with tempered martensite microstructure.
This paper shows the results of tests performed at the University of Bergamo on the effect of steel microstructure, cathodic potential and strain rate on HE of line pipe steels, ranging from old traditional grades to new grades that have recently been proposed, under cathodic protection, in solutions simulating soil moisture and sea water. The behavior of 19 different line pipe steels produced either through controlled rolling and accelerated cooling or quenching and tempering heat treatments was evaluated by means of constant load (CL) tests, SSRT tests, interrupted slow strain rate tensile (ISSRT) tests and fracture mechanics tests. Table 1 summarizes chemical compositions, manufacturing processes, mechanical properties and microstructures of the steels. The tests were carried out on line pipe steel with ultimate tensile strength (UTS) in the range of 530 -860 MPa. Longitudinally submerged arc welded (SAW) pipes manufactured by hot rolled and controlled rolled plates and seamless pipes were investigated. Seamless pipes were quenched and tempered. The steel produced by traditional hot rolling showed banded ferrite/pearlite microstructures, with polygonal ferrite and bands of coarse pearlite (Figure 1 ) and UTS in the range of 590 -610 MPa. The steel manufactured by controlled rolling showed a refi ned ferrite grain (Figure 2 ) that increases yield strength and toughness with regard to the traditional hot rolled steel. The adoption of accelerated cooling after controlled rolling produces a further refi nement of ferrite grain and modifi es the microstructure by promoting bainitic and martensitic transformations. The pearlite located between ferrite bands is progressively replaced by acicular ferrite with carbides (Figure 3 ), bainite and tempered martensite as the cooling rate increases (Figures 4 -6 ). The TMCP steel considered in this study showed variable contents of pearlite, bainite and martensite and uneven microstructure along the thickness of the pipe wall. The quenched and tempered steels have homogeneous microstructure of fully tempered martensite but different dimensions and distribution of carbides.
Experimental

Materials
Test solutions
The tests were performed in 35 g/l NaCl solution, in substitute ocean water prepared according to the ASTM standard D1141-90 (ASTM, 1990a and in a solution proposed as the medium composition of soil moistures found under coatings of buried pipelines, namely NS4 solution, usually adopted for studying near neutral stress corrosion cracking (Delanty & O ' Beime, 1992) . The composition of the NS4 solution is 0.483 g/l NaHCO 3 , 0.122 g/l KCl, 0.18 g/l CaCl 2 and 0.1 g/l MgSO 4 . All tests were carried out in aerated solution at room temperature. The pH is 7 for NaCl solution, 8.3 for NS4 and substitute ocean water solutions. Cathodic protection was applied through a potentiostat, in the range -0.8 ÷ -2 V vs. SCE.
Specimens and test procedures
CL tests, SSRT tests and ISSRT tests were performed on cylindrical tensile specimens (Figure 7 ) obtained along longitudinal direction, close to the external surface of the pipe. Prior to testing, the specimens were fi nished with abrasive paper (1200 grit). Finally they were cleaned with acetone or ether.
Fracture mechanics tests were performed on 12.70-mm bolt load modifi ed wedge-opening-load (WOL) specimens (Figure 8 ) obtained from base material with loading in longitudinal direction and propagation along transverse direction (L-T specimens), or loading in transverse direction with propagation in longitudinal direction (T-L specimens) (ASTM E399-90; ASTM, 1990b). CL tests were performed by means of a tensile machine with a double lever arm with two-ball joints to achieve pure axial loading. All specimens were loaded at the tensile yield strength estimated from loading curves of SSRT tests in air. The SSRT tests were carried out at strain rates ranging from 10 -4 s -1 to 10 -7 s -1 through a tensile machine, with four independent loading stations. During SSRT tests the load was monitored as a function of time to estimate stress vs. strain curves. After the tests, the percent reduction in area ( % RA ) and percent elongation at failure ( % EL ) were measured on specimens.
Tests were performed in solution and, for comparison, in air. The occurrence of environmentally assisted cracking after tests in solution was evaluated through the maximum load σ max , % RA and % EL normalized to the respective values measured after tests in air. Furthermore, fractographic analysis was conducted to detect brittle areas and secondary cracks. The ISSRT tests were carried out on the same specimens of the SSRT tests. During ISSRT tests, the specimen was initially loaded at 10 -5 s -1 strain rate. After 5 % reduction from maximum load was achieved, the monotonic increase of elongation was interrupted and the specimen was left in the test solution at constant deformation for one week. At the end of the exposure period, the specimen was examined with a scanning electron microscope (SEM) to detect the presence of any cracking.
The fracture mechanics tests were carried out on modifi ed WOL specimens using the experimental procedure described by Wei and Novak (1987) . The experimental details are described in Cigada, Pastore, Franzoso, Kopliku, & Carenza (1992) . The specimens were fatigue pre-cracked according to requirements of the ASTM standard E399-90 (ASTM, 1990b), providing the maximum value of stress intensity factor ( K max ) was lower than 50 % of the value applied for testing ( K ap ). The specimens were bolt loaded and the applied load ( P ) was estimated through the crack opening displacement ( ∆ V ). The crack length was estimated by compliance measurements during the last fatigue cycles of pre-cracking. At the end of testing, it was again measured by optical examination after specimen opening according to the ASTM standard E399-90 (ASTM, 1990b) .
The tests were performed in the range of 73 -88 MPa · m 1/2 . Before immersion, the specimens were coated with the exception of the crack propagation zone, to reduce cathodic protection current. The specimens were put into a polypropylene cell with 35 l test solutions and polarized at -1.5 V vs. SCE. The tests solution was recirculated by means of an immersion pump and replaced every 15 days. The pH of the solution was monitored to prevent any relevant change. However, it always remained in the range of 7 -8. The testing time was from fi ve to 18 months.
Results
Failures were never observed during CL tests, even with cathodic polarization at very negative potentials, at -1.5 and -2 V vs. SCE. These results were also confi rmed on pre- cracked modifi ed WOL specimens, which never showed any propagation from fatigue pre-crack. In addition, during the ISSRT tests, the specimens did not show any cracks at -1.05 V vs. SCE. The presence of microcracks was only observed at -1.5 V vs. SCE on high strength grades produced by controlled rolling and accelerated cooling.
HE phenomena were observed in the SSRT tests as a function of applied potential and strain rate. The results do not show any relevant variation in steel behavior over the three test solutions at very negative potentials. Thus, they are in agreement with the data of Kasahara, Isowaki, & Adachi (1981) , and with the review of Shipilov and Le May (2006) who observed that the loss of steel ductility under cathodic protection was not affected by pH in the range between 4 and 12. However, the SSRT tests at the potential of -1.05 V vs. SCE on steel FP1showed results in NS4 solution very similar to those in 35 g/l NaCl, but the behavior in substitute ocean water was slightly worse than the other two solutions. Figures 9 and 10 show examples of stress vs. strain curves obtained during SSRT tests. During SSRT tests, the specimens exhibited low ductility at very negative potentials and low slow strain rates, due to welldefi ned brittle cracks on fracture surface. As a consequence, the loading curves changed but in all cases they approached the maximum load reached during tests in air, showing an initial similar trend. Accordingly, secondary cracks occurred only in the necking zone. Thus, environmental embrittlement only modifi ed the fi nal part of the loading curve. During this phase, the fi nal rupture of the specimens initiates from surface cracks induced by HE on heavy plastic strained material, clearly noted by SEM analysis (Figure 11 ), producing a decrease of ductile parameters. SEM fracture analysis was performed to demonstrate HE crack growth more than 50 µ m on fracture surface and secondary cracks. On specimens showing welldefi ned brittle areas and secondary cracks, the reduction in area usually was lower than 90 % of the value obtained after testing in air. Fractographic examination was more effective in identifying the insurgence of HE; as a matter of fact, slight HE cracking was even observed on specimens showing reduction in area close to the values measured after air tests. Figures  12 -15 illustrate the results of the SSRT tests.
HE occurred at potentials more negative than a critical value that depends on susceptibility of the steel and strain rate. The critical potential decreases as strain rate and resistance of steel to this phenomena increase.
Discussion
HE is a phenomenon caused by the penetration of atomic hydrogen inside the metal lattice. The electrochemical reduction of hydrogen ions occurs on the surface of the metal, according to the following mechanism (Bockris, McBreen, & Nanis, 1965) :
H H H ads ads
Part of the hydrogen adsorbed on the surface of the metal ( H ads ) diffuses in the metal and is absorbed in the lattice ( H abs ):
The absorbed hydrogen diffuses inside the lattice towards the zones of stress concentration and induces brittle delayed fractures after it reaches a critical concentration (Steigerwald, Schaller, & Troiano, 1964) . In the oil industry, the presence of substances that are poisons of hydrogen recombination, such as H 2 S, promotes high atomic concentration adsorbed on metallic surface and consequently allows high level of hydrogen diffusion in the lattice, enhancing HE cracking. For the environments considered in this research these substances are not typical. In their absence, the principal factors infl uencing the HE mechanism are the cathodic polarization, the intrinsic susceptibility of the material and its mechanical and metallurgical properties, and the straining conditions. The effect of cathodic polarization is clearly evident in Figures  12 -15 . The highest potential at which the HE phenomena becomes evident (called critical potential for HE) depends on strain rate, and it decreases as the strain rate decreases. Furthermore, these critical potentials also depend on the steel microstructure. This aspect will be analyzed in Section 4.2. The effect of cathodic polarization is related to the role of the potential ( E ) on the rate of the cathodic process of hydrogen evolution from water dissociation. The adsorbed hydrogen is produced by reaction (1). In aerated waters, at the pH of the solutions adopted for this study, this reaction is very low or negligible at the free corrosion potential of steel. The cathodic protection, necessary for the protection from generalized corrosion, shifts the potential under the equilibrium potential for the hydrogen evolution ( E eq,H ). Thus, the rate of such reaction increases according to Tafel ' s law:
with b that can be assumed equal to approximately 0.052 V at room temperature. According to this law, the rate of formation of the atomic hydrogen on metallic surface under cathodic protection increases of one order of magnitude by decreasing the potential ( E ) of 0.120 V. The equilibrium potential can be estimated by the fi rst Nernst ' s law, as a function of pH:
At the pH of soil moistures, generally from 7 to 8, or sea water, typically 8.2, the equilibrium potential is approximately -0.66 ÷ -0.73 V vs. SCE (Figure 16 ). However, cathodic protection increases the pH on the protected surface enough to cause the precipitation of the carbonate scale both on marine and buried structures, for the alkalinity produced by the cathodic reaction, proportionally to the cathodic current density. In Appendix 1, a model based on stationary diffusion fl ux is described for neutral solutions, without any buffer capacity, and for solutions with a tendency to separate calcium carbonate. By assuming that at the hydrogen equilibrium potential the cathodic current density is equal to the oxygen limiting current, the alkalinization is estimated to rise up to approximately pH 11 in well-aerated solution without any calcareous deposit formation, i.e., pure NaCl solutions or solutions with low contents of calcium, magnesium and bicarbonate ions. By contrast, the formation of carbonate deposits tends to maintain alkalinity close to the pH of saturation for carbonate precipitation, reducing the alkalinization on the cathode. In this case, if solution contains a suffi cient concentration of calcium and bicarbonate ions, the pH on the electrode is expected to increase only to reach the necessary supersaturation for precipitation, that can be considered, in fi rst approximation, not more than half or one unit of pH (see Appendix 1). On the basis of this model, which is in accordance with the analysis made from other literature studies since the paper of Engell and Forchhammer (1965) , it can be assumed that the pH on cathodic polarized metal is 10.5 -11 in well-aerated NaCl solutions. At these pH values, the thermodynamic potentials to have hydrogen evolution on the metal is in the range of -0.86 ÷ -0.89 V vs. SCE. In the substitute ocean water it should not arise more than 8.7 -9.2 pH, giving an equilibrium potential of approximately 100 mV. These differences might explain the slightly worse behavior observed in substitute ocean water than the other two test solutions at low cathodic polarization. The hydrogen diffusion is proportional to the concentration difference between surface and metal lattice. It is mainly related to the concentration on the surface, which increases as the cathodic overpotential rises. To reach the critical concentration for cracking, the hydrogen concentration on metallic surface should reach a suffi cient value to promote significant diffusion towards metal lattice. This is possible if the cathodic protection produces a suffi cient polarization below hydrogen equilibrium potential. The critical concentration for cracking depends both on intrinsic susceptibility of the material and the strain conditions. As the HE susceptibility of material increases, a lower hydrogen quantity is required to yield cracking and HE phenomena takes place at less negative potentials. Thus, the critical potential can be assumed as an index of intrinsic susceptibility of material towards HE. The critical value of potential increases as the strain rate decreases. It lies in the range of -0.85 ÷ -1.05 V vs. SCE depending on the steel microstructure and mechanical properties.
Effect of plastic straining
The tests carried out under CL both on smooth tensile specimens and fatigue pre-cracked specimens did not show any initiation and propagation for HE. Therefore, they showed substantial HE immunity under static loading, even for marked cathodic overprotection, at very negative potential (-1.5 V vs. SCE) (Figure 16 ). The quantity of hydrogen is enhanced into the distorted metal lattice of the steel under elastic straining but the critical hydrogen concentration in the most stressed zones was never reached, in the absence of hydrogen poison . Different conditions occur on steels with hard spots that show cracking under constant load. Hydrogen can accumulate in the untempered martensitic zones, into the distorted tetragonal lattice as demonstrated by photoelectrochemical measurements on X60 steel (Razzini, Cabrini, Maffi , Peraldo Bicelli, & Musatti, 1998) . In these conditions HE takes place when the specimens are loaded at constant values.
During SSRT tests, the continuous straining in plastic fi eld infl uences the hydrogen saturation of traps into the metal. Permeation tests under slow strain rate carried out on fl at thin specimens of a ferritic/pearlitic low strength steel and an acicular ferrite and bainite/martensite high strength steel, polarized at -1.05 and -2.00 V vs. SCE, demonstrated the effect of strain rate on the possibility of hydrogen saturating the traps (Bolzoni, Cabrini, & Spinelli, 2001; Cabrini et al., 1998) . At high strain rate (10 -5 s -1 and higher) the hydrogen has not enough time to fulfi ll the traps as they are generated by plastic straining. It was suggested that the equilibrium between the new traps generation by the external loading and their hydrogen saturation is achieved for strain rate lower than 10 -6 s -1
; at this strain rate the hydrogen permeation seems to be increased by the mechanical external stress (Cabrini, Bolzoni, Razzini, & Sinigaglia, 1999) . At the lowest strain rate considered during tests (1.7 × 10 -7 s -1 ), critical potentials approach the value of thermodynamic hydrogen evolution. Thus, although at this potential the hydrogen adsorbed on surface is very low, a relevant quantity of hydrogen can penetrate in the metal lattice, favored by the continuous straining.
A slow and continuous straining is not only a necessary factor for crack initiation but it also play a fundamental role during propagation. If the specimen is maintained at constant load condition after the crack initiation (ISSRT test results) the cracks stop to propagate. This behavior was even observed at severe cathodic overprotection at -1.5 V vs. SCE. Therefore, also the subcritical propagation of the HE cracks requires the action of a continuous and slow straining. Nevertheless, the presence of hydrogen in the steel increases the crack growth rate and decreases the fracture energy, as shown by means of J-integral tests carried out in the absence or in presence of cathodic polarization (Bolzoni, Cabrini, Pedeferri, & Spinelli, 2000) .
HE not only depends on strain rate but also crack initiation takes place after a minimum critical strain is reached. In the monoaxial SSRT tests, HE phenomena take place only when plastic deformations were higher than those at necking beginning during tensile tests in air. Furthermore, the initiation of the cracks remains confi ned to the zone of the necking cone, where the highest plastic deformation is reached.
Effect of microstructure on HE susceptibility
As the strain rate decreases, the critical value of potential increases in the range -1.05 ÷ -0.85 V vs. SCE depending on the steel microstructure and mechanical properties. Figures  17 and 18 show the critical potential as a function of strain rate and of the UTS of the steel. Rolled steel generally showed critical potential higher than martensitic steel. All examined steel produced by hot rolling and controlled rolling show a similar behavior at the lowest considered strain rate (1.7 × 10 -7 s -1 ), with critical potentials approaching the value of thermodynamic hydrogen evolution.
Increasing the strain rate, the HE susceptibility of steel seems to increase by the UTS of the steel. The critical potential approaches a minimum for the steel with UTS of approximately 700 MPa.
The mechanical properties of these steels have been modulated by means of slight modifi cations in the chemical composition and in the parameters of thermomechanical processing. The variations of microstructure and mechanical properties are described Section 2.1.
The reduction of critical potential at low values of UTS is related to the pearlite/ferrite microstructures shown by rolling and controlled rolling steels, whereas the behavior at higher strength is related to the recent grades of X80 and X100 steels with acicular microstructure. Koh, Kim, Yang, & Kim (2004) reports that ferrite/acicular microstructure has higher resistance to stress corrosion cracking in sour environments than ferrite/pearlite or ferrite/bainite microstructures. Many authors revealed better stress corrosion cracking (SCC) and hydrogen-induced cracking (HIC) resistance of acicular ferrite than polygonal ferrite and pearlite (Huang et al., 2011; Park, Koh, Jung, & Kim, 2008; Zhao, Liu, Atrens, Shan, & Yan, 2008) . A similar behavior can also be assumed under cathodic protection. In the ferrite/pearlite steels the HE cracks initiate in the pearlite bands and they do not propagate in the ferrite (Figure 19 ). The presence of hard constituents of untempered martensite decreases the cracking resistance (Liao & Lee, 1994; Park et al., 2008) . The cracks are preferentially initiated in the martensite or bainite bands, but the crack growth is countered by the presence of acicular ferrite. The cracks appear very enlarged in the direction of loading (Figure 20 ) , i.e., the rolling direction, with HE propagation limited to the thickness of the pearlite bands, producing an almost ductile fracture surface.
HE resistance is strongly infl uenced by the amount of acicular ferrite with regard to the bands of hard constituents such as pearlite, bainite and martensite. As far as the HE resistance of rolled steels is concerned, it could be concluded that if tensile strength is produced by a very fi ne microstructure, HE resistance is not necessarily worsened. 
Figure 17
Critical potential for HE as a function of strain rate and ultimate tensile strength of laminated steels (hot rolling, controlled hot rolling, controlled hot rolling with accelerated cooling). Thus, fi ne microstructure components as acicular ferrite can counterweight the deleterious increase of tensile strength. However in steel with acicular ferrite HE susceptibility arises with the tensile strength owing to the effect of increasing contents of hard constituents, such as untempered martensite. 1.E-07
1. Figure 21 Critical range of potential and strain rate for martensitic steels for seamless pipeline with 552 -556 MPa TYS and 619 -651 MPa UTS.
With regard to rolled steels, the tempered martensitic steels show very scattered critical potentials with several showing better behavior than rolled steels (Figures 17 and 18 ) . Literature data showed that quenching and tempering can improve the SCC resistance of HSLA steel, but exceptions have been observed (Staehle, Forty, & VanRooyen, 1969) . Carneiroa, Ratnapulia, & de Freitas Cunha Linsb (2003) reported that a refi ned homogeneous quenched and tempered bainite/martensite microstructure simultaneously improved HIC and sulphide stress corrosion cracking (SSCC) resistance. These steels showed higher SSCC resistance than both rolled and normalized steels with ferritic/pearlitic microstructures. Albarran, Martinez, & Lopez (1999) confi rmed that quenching and tempering provides an optimum SSCC resistance of API X80 steel. The improved SSCC resistance of the quenched and tempered microstructure can be attributed to its homogeneous bainite/martensite microstructure, which made crack propagation diffi cult (Wang & Staehle 1972; Kobayashi, Taira, Matsumoto, & Terenuma, 1982) . Because banded structure provides high hydrogen trap density crack propagation is favored with respect to homogeneous microstructures (Albarran Gomez, Flores, Gonzalez, & Perez, 2003; Carneiro et al., 2003) . Thus, homogeneous microstructures with dispersed and very fi ne traps can distribute hydrogen on a high number of sites, so that it is less probable to reach the critical concentration. Figure 21 compares the behavior of TM3, TM4 and TM5 steels which have same tensile strength and close chemical compositions with only different nickel contents. They show different resistance to HE. The TM3 steel is less resistant than the other two steels, which perform better than steels with banded ferrite microstructures.
The resistance to HE may be related to the morphology of precipitates, mainly carbides. A recent paper emphasizes the role of martensite/austenite phase (Park et al., 2008) . Figure  22 shows the microstructures of the steels after picral etching to demonstrate carbide distribution. TM3 steel has a microstructure characterized by evident lath martensite, whereas TM4 steel and TM5 steel have fully tempered martensite. The steels show different distribution of carbides after picral etching ( Figure 21 ). TM4 steel shows very fi ne precipitate distribution. By contrast, TM3 steel shows few particles of coarse precipitates. HE cracking occurs on grain boundaries of precipitates along paths where they are concentrated (Figure 23 ). At this location, the interfacial decohesion can be favored by the combination of a hydrogen build-up coupled with signifi cant internal stresses as outlined by Albarran et al. (1999) . The precipitate interface can act as a hydrogen trap. A fi ne dispersion of carbides raises the extension of interface so that low local hydrogen contents are only achieved (Tau, Chan, & Shin, 1996) , increasing HE resistance of the steel.
Conclusions
The behavior of different HSLA line pipe steels towards HE under cathodic protection was evaluated. The results confi rm the immunity of all steels under static loading conditions. HE phenomena were never observed up to yield strength, even at very negative cathodic protection potentials. They were only observed under slow and continuous plastic straining typical of the SSRT tests. The presence of slow and continuous straining is a necessary factor both for crack initiation and propagation.
HE phenomena occur at potentials lower than a critical potential, which depends on strain rate, steel microstructure and its mechanical properties. Quenched and tempered steels with high tempered martensite and very fi ne precipitation distribution show better behavior than the rolled steels with banded microstructure, exhibiting the highest HE resistance.
The resistance of steels characterized by banded microstructures increases with UTS until approximately 700 MPa, and then decreases. The increase of UTS by changing the steel microstructure, from hot rolling with coarse ferrite/pearlite to fi ne ferrite/pearlite microstructure, and fi nally very fi ne acicular ferrite yields the resistance of steel to HE. A further increase of UTS related to untempered martensite inside the acicular ferrite based microstructure produces a worsening of resistance.
Appendix 1 Evaluation of alkalinization on metallic surface under cathodic protection
The concentration of OH -on steel surface has been calculated by mass balance fl ux at metal surface in stationary conditions (Engell & Forchhammer, 1965) , by considering the diffusion fl ux and Faraday ' s law. By assuming that salinity of solution is given by chemical ions not directly involved in the reactions, the electrophoretic contribution of mass transport fl ux can be ignored.
At the hydrogen equilibrium potential the main cathodic reaction in aerated solution under cathodic polarization is:
Therefore, OH -ions production rate is equal to oxygen limiting current density:
where F is the Faraday constant, k O 2 is the mass transport coeffi cient of oxygen in water and C B , O 2 the bulk oxygen concentration.
The diffusion fl ux of ionic species from the surface can be expressed by:
where k i is the mass transport coeffi cient of the ion in water, C 0 and C B are the concentrations on surface and in bulk solution, respectively. OH -ions produced by cathodic reaction are consumed by water formation reaction, negligible if H + concentration is low, such as in neutral-alkaline solutions, and by calcium carbonate precipitation above saturation pH, according to:
(10)
Case 1: non-scaling water
In neutral solution without precipitation of carbonates, it can be assumed that the production of OH -, equal to the oxygen limiting current, is balanced by the diffusion from the electrode: 
The mass transport coeffi cient can be calculated as a function of Reynolds ( Re ), Schmidt ( Sc ) and Sherwood ( Sh ) adimensional numbers by using literature equations (Hara, Asahi, Suehiro, & Kaneta, 2000) , generally expressed as:
With Sherwood number and Schmidt number, respectively, defi ned by:
where ν is the kinematic viscosity and l the characteristic length. Re is a function of fl uidodynamic conditions only, whereas Sh and Sc depend on chemical species because they depend on diffusion coeffi cient. By substituting (12 -13) in (11): 
The equilibrium of reaction (10) can be expressed by:
where K w , K 2 and K s are the water ionic product, the second dissociation constant of carbonic acid and the solubility product of calcium carbonate, respectively. The fl ux of OH -ions produced at cathode is balanced by the fl ux of ions diffusing from surface to bulk solution and the consumption of ions ( i R,i ) due to reaction (10):
By considering that the consumption of hydroxide ions is equal to that of calcium and bicarbonate ions: However. the precipitation can only occur from supersaturated solutions above saturation pH:
-- Figure 24 shows the variation of pH on cathode surface as a function of oxygen concentration estimated, without any carbonate precipitation and with carbonate precipitation calculated by considering a value of α = 3. 
